Bulk glassy alloys exhibiting high strength and good corrosion resistance were formed in (Cu 0:6 Zr 0:3 Ti 0:1 ) 100ÀxÀy Ni y Nb x systems. The bulk glassy alloy rods with a diameter of 3 mm are formed in a wide composition range of 0 to 6 at%Ni and 0 to 6 at%Nb by copper mold casting. As the Nb content increases, the glass transition temperature (T g ) increases while the crystallization temperature (T x ) decreases, resulting in a decrease in ÁT x ð¼ T x À T g Þ from 60 K at 0 at%Nb to 36 K at 5 at%Nb. The high fracture strength ( c,f ) exceeding 2000 MPa is obtained for the Cu-Zr-Ti-Ni-Nb alloys containing more than 3 at%Nb and their high strength alloys also exhibit distinct plastic elongation of 0.2 to 0.8%. The corrosion resistance of the Cu-Zr-Ti bulk glassy alloy is also significantly improved by the simultaneous addition of Ni and Nb and no loss in sample weight in 1 N HCl and 3%NaCl solutions is detected for the Cu-Zr-Ti-Ni-Nb alloys containing 5 at%Ni and 6 at%Nb or 2 at%Nb, respectively. The usefulness of the simultaneous addition of Ni and Nb on the c,f and corrosion loss in conjunction with high glass-forming ability seems to affect significant influence on the future development of bulk glassy alloys with special functional characteristics.
Introduction
Since the syntheses of bulk glassy alloys in a large number of alloy systems for the last 15 years, [1] [2] [3] [4] much attention has been paid to high strength characteristics of their bulk glassy alloys. The tensile strength level has been reported to be 1500 to 1800 MPa for Zr-based alloys, 1600 MPa for Pd-based alloys, 1200 MPa for La-based alloys and 800 MPa for Mgbased alloys. Very recently, the tensile strength level increases significantly by the syntheses of some new bulk glassy alloys in Cu-and Ni-based alloy systems and reaches 2300 MPa for Cu-based alloys 5) and 2700 MPa for Ni-based alloys.
6) The remarkable improvement of the tensile strength indicates the possibility that these new bulk glassy alloys develop as a new type of high strength material. It is therefore important to examine the possibility of improving their mechanical strength in conjunction with high ductility and high corrosion resistance. The Cu-based bulk glassy alloys have been formed in Cu-Zr-Ti, 7) Cu-Hf-Ti, 7) Cu-Zr-Ti-Y 8) and Cu-Zr-Ti-Be 5) systems. However, the corrosion resistance of these Cu-based bulk glassy alloys is not always better than that for conventional Cu-based crystalline alloys, though the tensile strength levels are 2 to 5 times higher for the Cu-based bulk glassy alloys. 9) We have noticed that the simultaneous addition of Nb and Ni elements is effective for the improvement of corrosion resistance in conjunction with high glass-forming ability and high mechanical strength. This paper intends to present the composition dependence of formation ability, thermal stability of supercooled liquid region before crystallization and mechanical properties of Cu-Zr-Ti-Ni-Nb bulk glassy alloys.
Experimental Procedure
Multi-component Cu-based alloy ingots with compositions of (Cu 0:6 Zr 0:3 Ti 0:1 ) 100Àx M x (M = Fe, Co, Ni; x ¼ 0 to 6 at%) and (Cu 0:6 Zr 0:3 Ti 0:1 ) 100ÀxÀy Ni y Nb x (x; y ¼ 0 to 7 at%) were prepared by arc melting the mixtures of pure metals in an argon atmosphere. The alloy compositions represent nominal atomic percentages. Cylindrical alloy rods with different diameters of 2 to 5 mm and a length of 70 mm were produced by a copper mold casting method. Alloy ribbons with a cross section of 0:03 Â 1:2 mm 2 were produced by a melt spinning method. The glassy structure was examined by X-ray diffraction and transmission electron microscopy (TEM). Thermal stability associated with glass transition temperature and crystallization temperature was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The melting and liquidus temperatures (T m and T l ) were measured by differential thermal analysis (DTA) at a heating rate of 0.067 K/s. Mechanical properties were measured with an Instron testing machine. The gauge dimension was 2 mm in diameter and 4 mm in length and the strain rate was 5:0 Â 10 À4 s À1 . Fracture surface was examined by scanning electron microscopy (SEM).
Results
We have confirmed that bulk glassy alloy rods with a diameter of 3 mm are formed in Ni content range up to 6 at% of (Cu 0:6 Zr 0:3 Ti 0:1 ) 100Àx Ni x alloys. Figure 1 shows the change in the supercooled liquid region, ÁT x ð¼ T x À T g Þ with Ni content for the (Cu 0:6 Zr 0:3 Ti 0:1 ) 100Àx Ni x bulk glassy alloys, together with the data of (Cu 0:6 Zr 0:3 Ti 0:1 ) 100Àx M x (M = Fe or Co) bulk glassy alloys. Here, the T x and T g represent crystallization temperature and glass transition temperature, respectively. As the Ni content increases, the ÁT x increases from 38 K at 0 at%Ni to 60 K at 5 at%Ni and then decreases to 55 K at 6 at%Ni. Similar increase in ÁT x is also recognized for the Co-containing alloy, though the increase is limited to 4 at%Co and the largest ÁT x value is also smaller than that (49 K) for the 5 at%Ni alloy. On the other hand, the addition of Fe decreases the ÁT x value to 30 K at 4%Fe. show clearly that the Cu-Zr-Ti-Ni quaternary alloy system is the most optimum in the glassforming ability and thermal stability of the supercooled liquid region. Figure 3 shows the composition range in which (Cu 0:6 Zr 0:3 Ti 0:1 ) 100ÀxÀy Ni y Nb x bulk glassy alloys with a diameter of 3 mm are formed by copper mold casting. The bulk glassy alloy rod is formed in a wide composition range of 0 to 6 at%Ni and 0 to 6 at%Nb. Although no extension of Ni content range is seen by the addition of Nb, the Nb range increases significantly from 3 at% at 0 at%Ni to 6 at% at 5 at%Ni. It is thus said that the simultaneous addition of Ni and Nb elements is very effective for the extension of the composition range for the bulk glassy alloy formation. Figure 4 shows the DSC curves of the (Cu 0:6 Zr 0:3 Ti 0:1 ) 96Àx Ni 4 Nb x bulk glassy alloy rods with a diameter of 3 mm. As the Nb content increases, the T g increases slightly while the T x decreases, resulting in a decrease in ÁT x from 57 K at 0 at%Nb to 35 K at 5 at%Nb. It is also seen that the first exothermic peak becomes broad with increasing Nb content, being consistent with the decrease in T x . Based on these DSC curves, the composition dependence of T g and T x for the (Cu 0:6 Zr 0:3 Ti 0:1 ) 100ÀxÀy Ni y Nb x bulk glassy alloys is summarized in Fig. 5 . It is seen that the T g increases slightly with increasing Ni and Nb contents and the contribution is larger for Nb. On the other hand, the T x decreases gradually with increasing Nb content while the increase in Ni content causes an increase in T x . Figure 6 shows the composition dependence of ÁT x for the (Cu 0:6 Zr 0:3 Ti 0:1 ) 100ÀxÀy Ni y Nb x bulk glassy alloys. The ÁT x shows a maximum value of 60 K at (Cu 0:6 Zr 0:3 Ti 0:1 ) 95 Ni 5 and decreases with increasing Nb content and decreasing Ni content. It is noticed that the bulk glassy alloys with a diameter of 3 mm are formed even for the Cu-Zr-Ti-Ni-Nb alloys with rather small ÁT x values of 30 to 40 K. In order to examine the reason for the high glass-forming ability in the rather wide composition range, we measured liquidus temperature (T l ) and reduced glass transition temperature (T g =T l ) values. As shown in Fig. 7 , the T l shows a nearly constant value of about 1199 K over the whole composition range examined in the present study. As a result, the T g =T l values also have nearly the same composition dependence as x =5
x =4
x =3
x =2 are in the range from 0.4 to 0.8% and no distinct change with Nb content is seen. The high strength exceeding 2000 MPa is obtained only for the Cu-based alloys containing more than 3 at%Nb. It is therefore concluded that the simultaneous addition of Nb and Ni elements is effective for the achievement of high strength combined with distinct plastic elongation in conjunction with high glass-forming ability. The fracture under the compressive deformation mode occurs along a maximum shear stress plane which is decline by about 45 degrees to the dimension of applied load and the fracture surface consists mainly of a well-developed vein pattern, as exemplified for the compressive fracture sheet in Fig. 11 The feature of the fracture mode agrees well with those for the other Cu-based bulk glassy alloys.
We further examined the effect of simultaneous addition of Nb and Ni elements on the corrosion resistance of the Cu-ZrTi-based bulk glassy alloys. Figures 12 and 13 show the corrosion rates of the (Cu 0:6 Zr 0:3 Ti 0:1 ) 100ÀxÀy Ni y Nb x bulk glassy alloys with a diameter of 1.5 mm which were immersed for 168 h at 298 K in 1 N HCl and 3%NaCl solutions, respectively. The corrosion rate in 1 N HCl is 0.66 mm/year for Cu 60 Zr 30 Ti 10 and decreases significantly to about 0.1 to 0.2 mm/year by the addition of 5 to 7 at%Ni or 2 to 4 at%Nb and further by the simultaneous addition of Ni and Nb. No loss in sample weight is detected for (Cu 0:6 Zr 0:3 Ti 0:1 )Ni 5 Nb 6 . Similar remarkable improvement of corrosion rate is also recognized in 3%NaCl, as shown in Fig. 13 . The addition of 5 at%Ni or 5 at%Nb causes a significant decrease in corrosion rate from 0.29 mm/year for Cu 60 Zr 30 Ti 10 to 0.013 and 0.018 mm/year, respectively, and no appreciable loss in sample weight is detected for the Cubased alloys containing simultaneously Ni and Nb elements. It is thus said that the simultaneous addition of Ni and Nb elements is very effective for improvement of corrosion resistance in HCl and NaCl solutions. The mechanism for the remarkable effect of Ni and Nb elements on the corrosion resistance is under investigation through the analyses of alloy component in the outer surface films. 
Discussion
Since Nb element has nearly zero or positive heats of mixing against the base constituent elements of Cu, Zr and Ti, 10) it is important to investigate the effect of Nb addition on the glass-forming ability, thermal stability and mechanical properties of the Cu 60 Zr 30 Ti 10 and (Cu 0:6 Zr 0:3 Ti 0:1 ) 95 Ni 5 bulk glassy alloys. It has been proposed that a bulk glassformation tendency can be obtained for the special alloys which satisfy the following three factors, 11, 12) i.e., (1) multicomponent consisting of more than three elements, (2) significant atomic size mismatches above 12% among the main three elements, and (3) negative heats of mixing among their elements. The addition of Nb to Cu-Zr-Ti alloys is expected to cause a decrease in glass-forming ability because their positive and zero heats of mixing between Nb and Cu, Zr or Ti, in good agreement with the present result shown in Fig. 4 . However, it is recognized that the Ni addition to CuZr-Ti-Nb alloy causes an extension of the bulk glass formation range, indicating the effectiveness of the element with negative heats of mixing against the other constituent elements. Thus, the maintenance of the bulk glass-forming ability in the wide Nb content range for the Cu-Zr-Ti-Ni-Nb alloys is due to the existence of Ni element. The effectiveness of Ni-Nb pairs is also supported from the result that bulk glassy alloys with diameters up to 5 mm are formed in NiNb-based alloys in Ni-Nb-Ti-Zr 13) and Ni-Nb-Hf-Ti 14) systems. Finally, it is important to point out that the high strength exceeding 2000 MPa as well as the high corrosion resistance in 1 N HCl and 3%NaCl solutions was obtained for the Cu-based alloys containing simultaneously Ni and Nb elements. The result obtained through the present alloy design seems to give a useful information on the future development of a functional bulk glassy alloy.
Summary
We examined the influence of Ni and Nb elements on the glass-forming ability, thermal stability of supercooled liquid and mechanical properties of the Cu 60 Zr 30 Ti 10 bulk glassy alloy. The results obtained are summarized as follows.
(1) The ÁT x increases significantly from 38 K at 0 at%Ni to 60 K at 5 at%Ni, while the c,f decreases from 1890 MPa at 0 at%Ni to 1860 MPa at 6 at%Ni. (2) The simultaneous addition of Ni and Nb causes a wide composition range of 0 to 6 at%Ni and 0 to 6 at%Nb in which a bulk glassy alloy with a diameter of 3 mm is obtained by copper mold casting. (3) T g increases with increasing Ni and Nb contents while T x decreases with increasing Nb content, resulting in a decrease tendency of ÁT x with increasing Nb content. (4) The T l has a nearly constant value of 1199 K and the T g =T l is in the range of 0.60 to 0.62 and has the same tendency as that for T g . (5) The E, y and c,f are in the range of 102 to 124 GPa, 1720 to 1905 MPa and 1855 to 2035 MPa, respectively, and no distinct composition dependence is recognized for these mechanical properties. The corrosion resistance of the Cu-Zr-Ti bulk glassy alloys increases significantly by the simultaneous addition of Ni and Nb elements. The simultaneous addition of Ni and Nb to the Cu-Zr-Ti alloys is concluded to be effective for the Cu-based bulk glassy alloys with high c,f and good corrosion resistance.
